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We have previously shown that bovine herpesvirus 1 (BHV-1), even when inactivated, induces apoptotic cell death in
mitogen-stimulated bovine peripheral blood mononuclear cells (PBMCs) (Hanon et al., 1996, J. Virol. 70, 4116–4120). In
order to gain insight into this process, we have investigated the cell cycle phase at which BHV-1 induces apoptosis in
PBMCs. Our results show that the percentage of cells that progress through the S phase was always lower in BHV-1-
infected PBMCs than in control cells. This effect was not due to a defective activation of mitogen-stimulated PBMCs since
BHV-1 only slightly affected the percentage of cells expressing BoCD25, a well-known lymphocyte activation marker.
Furthermore, mimosine and cyclosporine A, two chemicals that inhibit entry into the S phase of the cell cycle by different
pathways, did not affect the ability of BHV-1 to induce apoptosis. BHV-1-induced apoptosis also occurred in unstimulated
PBMCs and interestingly, this was associated with the expression of c-myc and BoCD25 proteins both of which are related
to cell cycle progression. All together, these data provide evidence demonstrating that BHV-1-induced apoptosis occurs at
the G0/G1 phase of the cell cycle. q 1997 Academic Press
INTRODUCTION vulvovaginitis, abortion, and fatal neonatal systemic
infections (Yates, 1982). In addition to causing initial
The survival of multicellular organisms is regulated
respiratory infections, BHV-1 can predispose infectedby a tight control of the critical balance between cell
animals, presumably through immunosuppression, toproliferation and death (reviewed by Thomson, 1995).
secondary Pasteurella haemolytica infections leadingApoptosis or programmed cell death is an encoded
to severe pneumonia and death (Bielefeldt Ohmannsuicide program which allows the elimination of cells
and Babiuk, 1985; Filion et al., 1983; Yates, 1982). Wethat have been produced in excess, developed im-
have previously shown that BHV-1, even when inacti-properly, or sustained genetic damage. Apoptosis is
vated, is able to induce the accumulation of cells withcharacterized morphologically by cell shrinkage, apop-
morphological and biochemical characteristics oftotic body formation, and condensation of the chroma-
apoptosis in mitogen-stimulated peripheral blood mo-tin (Duvall and Wyllie, 1986) and biochemically by frag-
nonuclear cells (PBMCs) (Hanon et al., 1996b).mentation of DNA into oligonucleosomal DNA frag-
The precise mechanism(s) by which BHV-1 inducesments (Arends et al., 1990; Duvall and Wyllie, 1986;
apoptosis is currently unknown. Recent studies haveWyllie, 1980).
suggested an intricate relationship between apop-A number of studies have shown that deregulation
tosis and cell cycle (reviewed by Evan et al., 1995). Itof apoptosis is an important feature of virus-induced
has been previously reported that BHV-1 rapidly inhib-pathogenesis (reviewed by Razvi and Welsh, 1995).
its the proliferation of interleukin-2-dependent T lym-The viruses have developed a series of strategies to
either inhibit or induce apoptosis. In a variety of acute phocytes (Griebel et al., 1990). However, these experi-
viral infections, there is increasing evidence that im- ments were performed on proliferating cell lines. Other
munosuppression is directly associated with the in- systems used PBMCs that had been stimulated with
duction of apoptosis in immune cells (McChesney and mitogens to demonstrate the ability of BHV-1 to inhibit
Oldstone, 1987; Razvi and Welsh, 1995). Bovine her- the proliferative response (Carter et al., 1989; Hutch-
pesvirus 1 (BHV-1), a member of the Alphaherpesviri- ings et al., 1990). However, it is still not clear whether
nae (Roizman et al., 1992), is the etiological agent of induction of cell cycle progression by mitogens is a
infectious bovine rhinotracheitis, infectious pustular prerequisite for the activation of the apoptotic process
by BHV-1. Therefore, we analyzed in the present study
the relationship between the cell cycle and the induc-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 00 32 4 366 42 61. E-mail: hanon@stat.fmv.ulg.ac.be. tion of apoptosis by BHV-1.
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MATERIALS AND METHODS lysed in DNAzol reagent. One microgram of each DNA
sample was electrophoresed on a 1.5% agarose gel. TheVirus
DNA was visualized under UV light after staining with
The BHV-1 Cooper strain was kindly provided by Dr. ethidium bromide.
J. T. van Oirschot (Lelystad, The Netherlands). The virus
was multiplied on Madin Darby bovine kidney cells Flow cytometry
(MDBK) (American Type Culture Collection CCL22) and Flow cytometric analysis was performed using a Bec-
purified as described by Szila´gyi and Cunningham (1991) ton–Dickinson fluorescence-activated cell sorter (Fac-
with some minor modifications (Lyaku et al., 1992). Puri- star Plus), equipped with an argon laser (ILT air cooled
fied virus was resuspended in RPMI 1640 (Gibco, Gent, with 100 mW excitation line at 488 nm). Debris were
Belgium) supplemented with 2 mM glutamine (Gibco), excluded from the analysis by the conventional scatter
100 IU/ml penicillin, and 100 mg/ml streptomycin (Gibco) gating method. The cells or the nuclei doublets were
and stored at 0707 until use. excluded from the analysis by using the pulse processor
The virus was inactivated by a photochemical treat- boards (Becton–Dickinson). Ten thousand events per
ment (Redfield et al., 1981) that includes an incubation sample were collected in a list mode, stored, and ana-
with a psoralen compound (trioxsalen) and an exposure lyzed by the Consort 32 system (Becton–Dickinson).
to UV light. The trioxsalen (4,5*,8-trimethylpsoralen)
(Sigma, Bornem, Belgium) was dissolved in dimethyl sulf- In situ detection of DNA fragmentation
oxide at a concentration of 200 mg/ml. Just before irradia- The in situ cell death detection kit, fluorescein (Boeh-
tion, this solution was added to the BHV-1 suspension ringer Mannheim, Mannheim, Germany) was used to
(5 1 107 PFU/ml) to obtain a final concentration of 1 measure DNA fragmentation in individual cells. Briefly,
mg of trioxsalen per milliliter. One milliliter of this viral after harvesting, the cells were washed with PBS con-
suspension was then irradiated for 4 min with UV light taining 10% FCS and fixed in PBS containing 1% para-
(peak wavelength 302 nm) (Model UVM-57, San Gabriel, formaldehyde. After an incubation period of 15 min at 47,
CA) in a 35-mm plastic petri dish. cells were washed, resuspended in 2 ml of ice-cold 70%
ethanol, and incubated overnight at 0207. After the fixedCells and culture conditions
cells were washed twice with PBS, the TUNEL reactionMDBK cells were cultured in minimum essential me-
was performed essentially according to the manufactur-dium (Gibco) containing 5% fetal calf serum (FCS)
er’s recommendations. Cell samples were resuspended(Gibco). This cell line was maintained free of myco-
in PBS and analyzed by flow cytometry for green fluores-plasma and of bovine viral diarrhea virus.
cence (DNA fragmentation detection: FITC).Blood from 12- to 24-month-old steers serologically
For the concomitant detection of DNA fragmentationnegative to BHV-1 was collected by jugular venipuncture
and DNA content analysis, cells were processed furtherand mixed with heparin. The PBMCs were then isolated
as previously described (Hanon et al., 1996a; Gorczycaon Ficoll–Hypaque (Pharmacia, Roosendaal, The Nether-
et al., 1993). Briefly, cells were resuspended in PBS con-lands) (density 1.077 g/ml) density gradient and washed
taining 200 mg/ml ribonuclease (Sigma) and 5 mg/ml pro-three times with phosphate-buffered saline (PBS). The
pidium iodide (PI) (Sigma) and incubated for 30 min atPBMCs were cultured in RPMI 1640 medium supple-
room temperature. Cells were then analyzed for greenmented with 10% FCS, 5 1 1005 M 2-mercaptoethanol
(DNA fragmentation detection: FITC) and red (DNA quan-(Gibco), 2 mM glutamine, 100 IU/ml penicillin, and 100
tification: PI) fluorescence by flow cytometry.mg/ml streptomycin. To induce the proliferation of
PBMCs, the culture medium was supplemented with 0.5 Incorporation and detection of bromodeoxyuridine
mM ionomycin (Sigma) and 10 nM phorbol-12,13-dibutyr- (BrdU)
ate (Sigma) (IONO/PDB). The PBMCs were cultured in
For this assay, the cell culture medium was supple-polystyrene round-bottomed tubes (12 1 75-mm style)
mented with 10 mM BrdU (Boerhinger Mannheim). After(Becton–Dickinson, Erembodegem, Belgium) at a density
harvesting, the cells were fixed in 2 ml of ice-cold 70%of 2 1 106 cells/tube. In some experiments, 200 mM mi-
ethanol and incubated overnight at 0207. The detectionmosine (Sigma) or 1 mg/ml cyclosporine A (CsA) (Sandoz,
of BrdU was carried out as described by Gratzner (1982).Basel, Switzerland) were added to the culture medium.
The cells were then resuspended in PBS containing 5These drugs were used to block the entry of mitogen-
mg/ml PI and analyzed for green (BrdU detection: FITC)stimulated PBMCs into the S phase of the cell cycle
and red (DNA content: PI) fluorescence by flow cytometry.(Terada et al., 1991).
Immunofluorescent detection of BoCD25DNA gel electrophoresis
DNA extraction was carried out as described in a com- After harvesting, the PBMCs were washed twice with
PBS and incubated for 30 min with an appropriate pre-mercial kit (DNAzol reagent; Gibco). Briefly, cells were
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FIG. 1. Concomitant detection of DNA fragmentation (dUTP content) and DNA content analysis of PBMCs stimulated with IONO/PDB, mock
infected (A) or infected with BHV-1 (B) (m.o.i. of 10), and incubated for 48 hr. One representative experiment of three is shown.
determined concentration of primary Mab UC-2C2 PBMCs stimulated with IONO/PDB were mock in-
fected or infected with BHV-1 [at a multiplicity of infec-(1:10,000 diluted ascitic fluid; kindly provided by Dr.
B. C. Taylor, University of California, U.S.A.) directed tion (m.o.i.) of 10 PFU per cell]. Forty-eight hours after
stimulation, PBMCs were harvested and further pro-against BoCD25 (Taylor et al., 1992). The cells were
washed twice with PBS containing 5% FCS and further cessed for DNA gel electrophoresis or concomitant in
situ detection of DNA fragmentation and DNA contentincubated with FITC-conjugated F(ab* )2 goat anti-
mouse IgG (H/L chains) (Dako, Gentbrugge, Belgium) analysis by flow cytometry. Higher percentage of cells
for 30 min. After an additional washing, the cells were
resuspended in PBS containing 5 mg/ml PI and ana-
lyzed by flow cytometry for green fluorescence (relative
antigen expression: FITC). Dead cells (PI-positive
cells) were excluded from the analysis.
Western blotting
After harvesting, PBMCs were washed twice with PBS
and subsequently lysed with Laemmli buffer. Lysates
were boiled and separated by electrophoresis on 7.5%
sodium dodecyl sulfate –polyacrylamide gels. Proteins
were then electrotransferred onto polyvinyl difluoride
membranes (Immobilon-P transfer membranes; Milli-
pore) and probed with mouse anti-c-myc Mab (sc-41;
Sanver Tech, Boechout, Belgium), cross-reactive with c-
myc of several species, or with mouse anti-actin Mab
(clone C4; Boehringer Mannheim). Band detection was
realized by chemiluminescence blotting substrate (POD)
kit according to the protocol of the manufacturer (Boeh-
ringer Mannheim).
RESULTS
BHV-1 arrests cell cycle progression of mitogen-
FIG. 2. Agarose gel electrophoresis of DNA extracted from IONO/stimulated PBMCs
PDB-stimulated PBMCs mock infected (lane 2) or infected with BHV-1
We first determined the cell cycle position of apop- (lane 3). Lane 1 corresponds to molecular weight markers. One repre-
sentative experiment of three is shown.totic cells in BHV-1-infected PBMCs. For this assay,
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FIG. 3. Concomitant detection of BrdU and DNA content analysis of PBMCs stimulated with IONO/PDB, mock infected (A, B, C, and D) or infected
with BHV-1 (E, F, G, and H) (m.o.i. of 10), and incubated for 1 (A, E), 12 (B, F), 24 (C, G), or 36 (D, H) hr. One representative experiment of three is
shown.
undergoing DNA fragmentation were present in BHV- BHV-1-induced apoptosis occurs at the G0/G1 phase
of the cell cycle1-infected cultures (66%) than in mock-infected cul-
tures (5%) (Figs. 1A and 1B). A typical DNA ladder
To further delineate the process, we next investi-observed by agarose gel electrophoresis confirmed
gated whether cell cycle progression through the Sthe occurrence of apoptosis in BHV-1-infected PBMCs
phase was critical for BHV-1-induced apoptosis. Entry(Fig. 2, lane 3). In contrast, internucleosomal DNA frag-
into the S phase of the cell cycle can be estimated bymentation was hardly visible in mock-infected cultures
the incorporation of BrdU into the cellular DNA. BrdU(Fig. 2, lane 2). Under these experimental conditions,
is a thymidine analog which is selectively incorpo-the apoptotic cells in BHV-1-infected cultures were
rated into the DNA of cells which are in the S phaselocated in the G0, G1, or early S phase of the cell cycle
of the cell cycle (Gratzner, 1982). To this end, PBMCs(Fig. 1B). Moreover, in contrast to mock-infected cells,
stimulated with IONO/PDB were mock infected or in-PBMCs incubated with BHV-1 did not progress
through the S and G2/M phases of the cell cycle after fected with BHV-1 and incubated for 1, 12, 24, or 36
48 hr of activation (Fig. 1). These results clearly indi- hr. During the last hour of incubation, BrdU was added
cate that BHV-1 induces apoptosis at G0, G1, or early to the medium. After harvesting, PBMCs were further
S phase of the cell cycle. processed for concomitant detection of BrdU and DNA
content analysis by flow cytometry.
One and twelve hours after stimulation, incorporation
of BrdU was low both in mock-infected (2%) (Figs. 3A
and 3B) and in BHV-1-infected cultures (2%) (Figs. 3E
and 3F). Twenty-four and thirty-six hours after stimulation,
incorporation of BrdU increased from 41 to 62% in mock-
infected PBMCs (Figs. 3C and 3D). At the same time,
BHV-1-infected cultures yielded respectively 24 and 26%
BrdU-incorporating cells (Figs. 3G and 3H). The DNA
content analyses confirmed that mock-infected PBMCs
progressed through the S and G2/M phases of the cell
cycle while, in BHV-1-infected PBMCs, only few cells
FIG. 4. Percentages of BoCD25-expressing cells in PBMC cultures entered into the S phase.
stimulated with IONO/PDB, mock infected or infected with BHV-1 (m.o.i.
BoCD25 is a well-known activation marker of bovineof 10), and incubated for different times. One representative experiment
of three is shown. PBMCs (Taylor et al., 1992). We used this tool to charac-
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TABLE 1
Percentages of Apoptotic Cells in PBMC Cultures Stimulated with
IONO/PDB, Mock Infected or Infected with BHV-1, and Treated or
Not with Mimosine or Cyclosporine A (m.o.i. of 10)a
% of apoptotic PBMCs
Infected with the BHV-1
Treatment Mock infected Cooper strain
— 7.9 { 0.7 53.8 { 1.7
FIG. 5. Percentages of apoptotic cells in PBMC cultures mock in-
1 mg/ml cyclosporine A 7.3 { 1 51.3 { 0.8
fected or infected with BHV-1 (m.o.i. of 10) and incubated for 24 hr.
200 mM mimosine 14.9 { 0.6 46.8 { 1.1
Each reported value represents the average{ SD for triplicate cultures.
a Each reported value represents the average { SD for triplicate
cultures.
BHV-1 can also induce apoptosis in unstimulated
PBMCs
We next investigated whether mitogen-driven cell cy-
terize the effect of BHV-1 on the activation process of cle progression is a prerequisite or a necessity for BHV-
PBMCs. To this end, we determined at different time 1-induced apoptosis. For this assay, we tested the ability
intervals (0, 12, 24, and 36 hr), the effect of BHV-1 on the of BHV-1 to induce apoptosis in PBMCs which were ei-
expression of BoCD25 in IONO/PDB-stimulated PBMC ther unstimulated or incubated with PDB alone. These
cultures. As shown by flow cytometric analyses, the level cell culture conditions do not allow PBMCs to progress
of expression of BoCD25 after 12 hr of stimulation was through the cell cycle. As a control, parallel experiments
only slightly decreased from 77% in mock-infected were performed as described above in the presence of
PBMCs to 71% in BHV-1-infected cells (Fig. 4). Compara- IONO/PDB. Cultures were mock infected or infected with
ble results were obtained after 24 and 36 hr of stimulation BHV-1 and incubated for 24 hr to avoid high mortality in
(Fig. 4). Moreover, similar levels of cell viability were unstimulated PBMCs. After harvesting, the cells were
observed in mock- and BHV-1-infected cultures after 12 analyzed for DNA fragmentation by the TUNEL proce-
hr of stimulation (data not shown). These data indicate dure.
that the decreased proportion of cells that incorporate BHV-1-infected PBMCs which were either unstimu-
BrdU in BHV-1-infected PBMCs is not due to a defective lated or incubated with PDB alone yielded respectively
cellular activation. 61 and 60% apoptotic cells, whereas 40 and 17% were
To investigate whether entry into the S phase is re- observed in the corresponding mock-infected cultures
quired for BHV-1-induced apoptosis, mimosine and (Fig. 5). Mock- and BHV-1-infected PBMCs stimulated
CsA were used to block the entry of PBMCs into the with IONO/PDB yielded 15 and 54% apoptotic cells, re-
S phase of the cell cycle (Terada et al., 1991). IONO/ spectively (Fig. 5). In accordance with our previous re-
PDB-stimulated PBMCs were treated with 200 mM mi- sults (Hanon et al., 1996b), the inactivation of BHV-1 did
mosine or 1 mg/ml CsA, incubated 48 hr with BrdU, and not affect its ability to induce apoptosis in unstimulated
further processed for detection of BrdU. The optimal PBMCs (Table 3). These data indicate that mitogen-
concentration of these chemicals was initially prede- driven cell cycle progression was not required for BHV-1-
termined to ensure their efficiency in bovine cells (data
not shown). Flow cytometric analysis showed that in-
TABLE 2corporation of BrdU decreased from 65% in untreated
PBMCs to 12 and 16% in PBMCs treated with 1 mg/ml Percentages of BoCD25-Expressing Cells in PBMC Cultures Mock
CsA or 200 mM mimosine, respectively. These results Infected or Infected with BHV-1 (m.o.i. of 10)a
confirmed that mimosine or CsA can efficiently block
% of BoCD25-expressing PBMCsthe entry of bovine PBMCs into the S phase. We subse-
quently investigated the ability of BHV-1 to induce DNA
Mock Infected with the BHV-1
fragmentation in mimosine- or CsA-treated PBMCs us- Stimulation protocol infected Cooper strain
ing the TUNEL procedure. The levels of apoptosis in-
— 3.4 { 0.3 27.9 { 1.6duced by BHV-1 in the presence or in the absence of
PDB 6.3 { 0.4 33.3 { 0.3S-phase inhibitors were similar (Table 1). Therefore,
IONO/PDB 59.5 { 0.8 49.4 { 0.6
BHV-1-induced apoptosis occurs before entry of IONO/
PDB-stimulated PBMCs into S phase at G0 and/or at a Each reported value represents the average { SD for triplicate
cultures.G1 phase of the cell cycle.
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TABLE 3
Detection of BoCD25 Antigen and Apoptosis in Unstimulated PBMCs Mock Infected or Infected
with Live or Inactivated BHV-1 (m.o.i. of 10) and Incubated for 24 hra
Unstimulated PBMCs
% of BoCD25-expressing PBMCs % of apoptotic PBMCs
Infected with the BHV-1 Infected with the BHV-1
Virus treatment Mock infected Cooper strain Mock infected Cooper strain
Trioxsalen (control) 5.7 { 0.5 21.5 { 0.5 37.1 { 0.7 56.5 { 0.5
Trioxsalen/UV light irradiation
(inactivation) 5.4 { 0.3 29.6 { 0.6 31.2 { 0.4 48.9 { 0.2
a Each reported value represents the average { SD for triplicate cultures.
induced apoptosis. Nevertheless, the percentage of cells DISCUSSION
expressing BoCD25 was significantly higher in BHV-1-
infected PBMCs which were either unstimulated or incu- In this report, we have shown that BHV-1-induced
apoptosis in mitogen-stimulated PBMCs occurs at thebated with PDB alone compared to mock-infected cells
(Table 2). Moreover, induction of BoCD25 expression G0/G1 phase and, consequently, arrests the cell cycle
progression through S and G2/M phases (Fig. 1). Thesewas also observed with inactivated BHV-1 (Table 3).
These results clearly indicate that BHV-1 is able by itself data are consistent with previous reports concerning the
to induce the expression of the BoCD25 activation lack of proliferation of PBMCs following BHV-1 infection
marker in unstimulated PBMCs. (Carter et al., 1989; Hutchings et al., 1990; Griebel et al.,
Activation of mononuclear cells involves a cascade 1990). In addition, we provide an explanation for this
of gene expression, including the early induction of the process. Indeed, we show that the lack of proliferation
cellular proto-oncogene c-myc (Riegel et al., 1990). To is a consequence of an early arrest of the cell cycle
confirm the ability of BHV-1 to activate PBMCs, we inves- progression but not of a decrease in cell cycle turnover.
tigated the effect of BHV-1 on the expression of c-myc. This is supported by the following findings. The percent-
For this assay, unstimulated PBMCs were mock infected age of cells that progress through the S phase was al-
or infected with BHV-1 and incubated for 1, 3, and 5 hr. ways significantly lower in BHV-1-infected PBMCs than
The cells were then harvested and the expression of c- in mock-infected PBMCs (Fig. 3). The reduction in the
myc was analyzed by Western blotting. Three hours after percentage of cells that progress through the S phase
infection with BHV-1, a significant increase of c-myc ex- was not due to a defective activation process in PBMCs
pression was observed which dropped to almost back- since the percentage of cells expressing BoCD25, a well-
ground levels 5 hr postinfection (Fig. 6). As a control, the known activation marker (Taylor et al., 1992), was only
expression of actin was constant in mock- and BHV-1- slightly decreased in BHV-1-infected PBMCs when com-
infected cultures (Fig. 6). These results confirm the ability pared to mock-infected cells (Fig. 4). In addition, mimos-
of BHV-1 to activate unstimulated PBMCs. ine and CsA which inhibit the entry into the S phase by
two different mechanisms did not affect the ability of
BHV-1 to induce apoptosis in PBMCs (Table 1). In several
other model systems, entry into S phase has been shown
to be necessary for the induction of apoptosis. For exam-
ple, the susceptibility of HL-60 cells to camptothecin, an
antitumoral agent, requires cells to be in the S phase
(Gorczyca et al., 1993b). Indeed, camptothecin induces
apoptosis only in HL-60 cells progressing through the S
phase of the cell cycle. In another experimental model,
mature T lymphocytes can become susceptible to T cell
receptor-mediated apoptosis by pretreatment with in-
terleukin-4 or interleukin-2 (Boehme and Lenardo, 1993).
FIG. 6. Western blot analysis of c-myc and actin protein accumulation
In this system, the degree of susceptibility to apoptosisin unstimulated PBMCs mock infected (M) or infected with BHV-1 (B)
has been also shown to depend on the entry of T lympho-(m.o.i. of 10) and incubated for 1, 3, or 5 hr. One representative experi-
ment of three is shown. cytes into the S phase (Boehme and Lenardo, 1993).
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